Engineered nanoparticles (NPs) are increasingly used in commercial products including automotive lubricants, clothing, deodorants, sunscreens, and cosmetics and can potentially accumulate in our food supply. Given their size it is difficult to detect and visualize the presence of NPs in environmental samples, including crop plants. New analytical tools are needed to fill the void for detection and visualization of NPs in complex biological and environmental matrices. We aimed to determine whether radiolabeled NPs could be used as a noninvasive, highly sensitive analytical tool to quantitatively track and visualize NP transport and accumulation in vivo in lettuce (Lactuca sativa) and to investigate the effect of NP size on transport and distribution over time using a combination of autoradiography, positron emission tomography (PET)/computed tomography (CT), scanning electron microscopy (SEM), and transition electron microscopy (TEM). Azide functionalized NPs were radiolabeled via a "click" reaction with copper-64 ( 64 Cu)-1,4,7-triazacyclononane triacetic acid (NOTA) azadibenzocyclooctyne (ADIBO) conjugate ([ 64 Cu]-ADIBO-NOTA) via copper-free Huisgen-1,3-dipolar cycloaddition reaction. This yielded radiolabeled [ 64 Cu]-NPs of uniform shape and size with a high radiochemical purity (>99%), specific activity of 2.2 mCi/mg of NP, and high stability (i.e., no detectable dissolution) over 24 h across a pH range of 5−9. Both PET/CT and autoradiography showed that [ 64 Cu]-NPs entered the lettuce seedling roots and were rapidly transported to the cotyledons with the majority of the accumulation inside the roots. Uptake and transport of intact NPs was size-dependent, and in combination with the accumulation within the roots suggests a filtering effect of the plant cell walls at various points along the water transport pathway.
■ INTRODUCTION
The increasing use of NPs in commercial products has led to NP-accumulation in the environment and within the food chain. 1−9 Chronic exposure to NPs can lead to health issues as some inorganic NPs have biological activity at the cellular and subcellular level with an unknown cytotoxicity and genotoxicity. 3, 4, 10 In particular, metal oxide NPs are the most abundant form of NP in the environment with the most potential toxic risks. 7, 11 Locating, quantifying, and imaging NPs in vivo can provide information on biodistribution and fate of NPs in living systems. 12, 13 However, many challenges to quantitatively assess their biodistributions under realistic environmental exposure concentrations (mg L −1 to ng L −1 ) remain. 5 To date, the visualization of most NPs within plants has relied on the use of micro-X-ray fluorescence spectrometry (μ-XRF), confocal microscopy, TEM, SEM, scanning transmission electron microscopy (STEM), or scanning transmission ion microscopy (STIM). 14−20 The most prominent quantification techniques have been inductively coupled plasma spectroscopy (ICP) utilizing either optically emission spectroscopy (OES) or mass spectrometry (MS). 1,14−20 In a few cases atomic absorption spectroscopy (AAS) has been used for quantification. 21 These techniques required mineralization of the plant material generally with hydrogen peroxide and nitric acid, and may not be sufficiently sensitive enough to quantify small changes in the amount of a metal ion. 1, 22, 23 Notably, high background concentrations of essential nutrients make detecting and quantifying the small variation in NP-related metal ion content an analytical challenge as the measurement is often of the same magnitude as noise or at the detection limit. 1, 22, 23 Optically tagged NPs have also been investigated, but the challenge of overcoming the plants' own bioluminescence can make quantification difficult. 24, 25 Although used in medical imaging, radiolabeled NPs for noninvasive tracking and quantification in plants have not been significantly explored. 12, 13 Prior radiolabeling of NPs for medical imaging has utilized three main approaches: (1) postradiolabeling via attachment of chelator to NPs first, then reaction with the a metal radionuclide; (2) preradiolabeling, where a radioactive prosthetic group, a small molecule that the radioisotope is attached, followed by attachment to the NP; and (3) direct radiolabeling. 13 Of these three main radiolabeling approaches, the third approach has been the only method used to study NP distribution in plants where Zhang et al. 12 reported the use of [ 141 Ce]CeO 2 -NPs produced via neutron bombardment of CeO 2 -NPs to study distribution in cucumbers. The produced radionuclide 141 Ce has a 32.51 day half-life, and the specific activity of the synthesized [ 141 Ce]CeO 2 -NPs was 2.7 μCi/mg of NP. 12 Despite numerous approaches to analyze NPs, a combination of technologies is required due to the low detection limits (ppb-ppt) and high resolution (nm) needed to address the intact nature of NP-transport into plants. Thus, multiple tools must be utilized to quantify and determine the intact nature of NPs at a given location within biological environments ( Figure  1 ). 26 Previous studies have provided conflicting evidence about the intact nature of NP uptake and transport into plants: some studies indicated intact NP uptake and vascular transport, 10,12,15,16,20,27−32 some observed NPs in plants due to dissolution events and reformation within the plant tissue, 14,17−19,33−35 and still others have indicated that NPs cannot be transported into plants. 22,36−38 These varied observations could be linked to inadequate techniques available to track NP movement in vivo. The main challenge in determining intact NP transport into plants is ruling out NPdissolution, as reductive precipitation and formation of NPs within plant tissue has been documented. 39−43 Even natural formation of NPs within plants and fungi is known. 44 Further complicating the picture is the fact that many studies assessing NP uptake exposed plants over long periods of time from 2 to 130 days, with very large amounts of NPs (500−10 000 mg L −1 ) per plant, which could make dissolution events more prevalent. 1, 10, [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] 36, 45 Avoiding excessive exposure to the NPs (both, in concentration and time) and carefully analyzing the stability of the administered NPs are key to avoid erroneous conclusions due to NP-dissolution and subsequent reformation.
In this study we evaluated an analytical method using a radioactive label to noninvasively track and quantify transport and accumulation of NPs in lettuce seedlings in vivo. This method studied NP-size dependent transport immediately upon exposure (<1 day), an early time frame that has rarely been explored in plants. 31 The visualization of NP transport and accumulation in lettuce seedlings was done by autoradiography and PET/CT imaging and further confirmed by gamma-counting, SEM, and TEM. Our study was designed to use highly uniform NPs (shape and size) of two size sets (10 and 20 nm), which were theoretically too large for passive transport across plant tissues (pore size ≤2 nm). 6, 7 To ensure a narrow size distribution with a uniform geometric shape and the ability to thoroughly investigate stability (i.e., no dissolution and reprecipitation inside the plant), a preradiolabeling method with the PET-radioisotope copper-64, the "clickable" chelator ADIBO-NOTA, and commercially available spherical Fe 3 O 4 -NPs containing azides was explored. This radiolabeling approach yielded a high specific activity (mCi/mg of NP) and allowed for size characterization of the NPs after the plant accumulation and imaging period, and avoided complication from fabricating radioactive NPs and production of less stable NP material with a larger size distribution. Rigorous stability studies were carried out at a variety of pHs to investigate possible dissolution of the 64 Cu-radiolabeled NPs and substantiate the intact nature of NP-transport into lettuce seedlings.
■ MATERIALS AND METHODS
Hydroponic Culture. Lettuce (Lactuca sativa "Green Towers") seeds were germinated at 25°C in Petri dishes hydroponically in Hoagland's solution containing: 210 mg L −1 of nitrogen, 235 mg L −1 of potassium, 200 mg L −1 calcium, 31 mg L −1 phosphorus, 64 mg L −1 sulfur, 48 mg L −1 magnesium, 0.5 mg L −1 boron, 1.35 mg L −1 iron, 0.5 mg L −1 manganese, 0.05 mg L −1 zinc, 0.02 mg L −1 copper, and 0.01 mg L −1 molybdenum. Seedlings were grown in the dark for 7 days and then transferred to constant light for 2 days prior to use in the experiment. The length and mass of the lettuce seedlings were approximately 7 ± 4 cm and 25 ± 5 mg.
Synthesis of Ligand ADIBO-NOTA (6) . Unless specified all reagents were purchased from Sigma-Aldrich and used without further purification. The clickable ligand NOTA-ADIBO (6) was synthesized following modified literature procedures. 46, 47 Briefly: 5-dibenzosuberenone (1) (5.0 g, 24.3 mmol) was reacted with N-hydroxylamine (1.5 equiv, 2.5 g, 36.4 mmol) in pyridine (Acros, 25 mL) at 80°C overnight, followed by the acid catalyzed Beckmann rearrangement with polyphosphoric acid (50 mL) at 125°C. Subsequent reduction of the amide in diethyl ether (Acros, 63 mL) with lithium aluminum hydride (LiAlH 4 , 2.0 equiv, 1.84 g, 48.6 mmol) afforded amine (2) (Scheme 1), which was reacted in N,Ndimethylformamide (DMF) (EMD, 3 mL) with N-[(dimethylamino)-1H-1,2,3-triazolo-[4,5-b]pyridin-1-ylmethylene]-Nmethylmethan-aminiumhexafluorophosphate N-oxide (HATU, GL Biochem, 2.8 equiv, 250 mg, 0.653 mmol) and Black boxes indicate the analytical method/instrumentation. The red box shows the range of detection and spatial resolution required to quantify and visualize NPs within plants. Abbreviations: RT-radiotracing, RM-radiometry, SPECT-single photon emission computed tomography, IP-imaging plate, SBD-silicon based detector, LA-laser ablation, CFM-confocal fluorescence microscopy, EM-electron microscopy, SRXRF-synchrotron radiation micro-X-ray fluorescence, EDS-energy dispersive x-ray spectroscopy, and STXM-scanning transmission X-ray microscopy. Instruments at top do not have spatial resolution (RT-RM and ICP). diisopropylethylamine (DIPEA, 6.0 equiv, 250 μL, 1.45 mmol) activated N-Fmoc-β-alanine (Novabiochem, 3 equiv, 226 mg, 0.726 mmol) to afford 3. Compound 3 was bis-brominated with pyridinium tribromide and upon double elimination of the bromides with potassium t-butoxide (2.5 equiv), strained cyclooctyne (4) was produced. Compound 4 was then reacted with 2-(p-isothiocyanatobenzyl)-1,4,7-triazacyclononane-N,N′,N′′-triacetic acid (5) (p-SCN-Bn-NOTA, Macrocyclics, 1.0 equiv, 1 mg, 0.0017 mmol) in DMF (100 μL) and DIPEA (5 μL) to afford NOTA-ADIBO (6) (1.09 mg, 0.0015 mmol) (Scheme 1). The NOTA-ADIBO ligand (6) was purified and analyzed by reversed phase-high performance liquid chromatography (RP-HPLC) jupiter-proteo-C12-column (Phenomenex, 250 mm × 4.6 mm × 4 μm), a mobile phase gradient held for 2 min at 9% acetonitrile in 0.05% trifluoroacetic acid (TFA) aqueous solution and increased to 81% acetonitrile over 30 min at a flow rate of 1.5 mL/min. Purified compound (6) was confirmed by mass spectroscopy using electrospray ionization scanning (ESI) for positive ions (Orbitrap, Thermo-Fisher Scientific) (S2).
Radiolabeling and Assembly of [ 64 Cu]-NPs. The ADIBO-NOTA (6) (400 μL, 1 mg/mL solution in DI water) was used to chelate 64 Cu ([ 64 Cu]CuCl 2 , 4.4−6 mCi, half-life-12.7 h) in an aqueous solution of ammonium acetate (NH 4 OAc) at pH = 8.00 (405 μL) for 30 min at room temperature to produce 7, which was used without further purification. Commercially available azide functionalized catechol-PEG coated Fe 3 O 4 -NPs (AC Diagnostic, Inc.) (8, 10 nm) or (9, 20 nm), (1 mg of NP, 200 μL of 5 mg/mL solution) were each reacted with 7 (400 μL, 2.2 mCi) for 10 min at room temperature to afford 10 or 11, respectively (Scheme 2). Radioactive [ 64 Cu]-NPs (10 and 11) were diluted with 600 μL of DI water to a total volume of 1.2 mL and purified using a P6gel size exclusion spin column (Bio-Rad). Incorporation of 64 Cu into 6 and conjugation to NPs (8 and 9) was monitored by RP-HPLC (jupiter-proteo-C12-column,Phenomenex, 250 mm × 4.6 mm × 4 μm), a mobile phase gradient held for 2 min at 9% acetonitrile in 0.05% trifluoroacetic acid aqueous solution and increased to 81% acetonitrile over 30 min at a flow rate of 1.5 mL/min. A 10 μL aliquot of each 10 and 11 was diluted with 250 μL of 0.1 M ethylenediaminetetraacetic acid (EDTA) solution and the NPs filtered off via a membrane filter (40 000 molecular weight cut off) by centrifugation (3000 rcf, 4 min (4×)). The filtrate was analyzed by injection onto RP-HPLC as described above. The HPLC-system consisted of a UV-detector (wavelength-220 nm) and a radioactivity detector (PMT) connected in series. Radiochemical purity was also confirmed by thin-layer chromatograpy (TLC) by spotting the EDTA-challenged filtrate onto an TLC strip, running with 1.0 M NH 4 OAc buffer pH = 8.0, and reading on a radioTLC-scanner (Bioscan 3000)(S3).
Characterization of Iron Oxide (Fe 3 O 4 ) NPs. Spherical iron oxide (Fe 3 O 4 ) NPs (8 and 9), functionalized with catechol-PEG 400 -azide ligand were purchased from AC Diagnostic, Inc., (diameter: 10 and 20 nm). The exact size for each batch of NPs (10 nm (8) and 20 nm (9)) was determined by TEM by finding the mean diameter (n > 200). The hydrodynamic diameter was determined by dynamic light scattering (DLS) and the zeta-potential found. This was done for both the azide containing NPs and the functionalized conjugated NPs (10 and 11) (S5).
TEM Size Determination of NPs. Primary particle size and shape of the . Plants were then placed into the PCR-tube with only the lower portion of the root exposed to the [ 64 Cu]-NP suspension (lower 2 cm). The experiment was performed at ambient temperature (22°C ) and lighting from incandescent light bulbs. At the end of each time point the plants were removed and the roots were rinsed with DI water (3×) and soaked for 1 h in a solution containing 10%-Triton100X (200 μL, ThermoScientific) and 0.1 M EDTA (200 μL, Sigma-Aldrich) and DI water (200 μL), and rinsed again with DI water (3×); plants were divided into the cotyledons and root portions. Each portion was weighed and radioactivity determined by the gamma counter. Two additional sets of lettuce plants for each set of [ 64 Cu]-NP were given double (40 μL of NP, 96 mg L −1 , ∼60 μCi, n = 3) and triple (60 μL of NP, 144 mg L −1 , ∼90 μCi, n = 3) the amount of NPs for a single uptake period of 2 h to examine concentration dependence uptake.
Autoradiography and PET/CT Imaging of [ 64 Cu]-NP in Lettuce. Immediately after gamma-counting and weighing, the plants were exposed to a storage phosphor screen (GE Healthcare) overnight (∼16 h). The screen was read at 50 μm resolution using a Storm 860 phosphorimager (GE Healthcare) and visualized using ImageJ software (Version 1.46r, National Institutes of Health). PET/CT imaging was performed on 3 plants at the 2 h time point. For imaging, the lettuce was placed between two pieces of agarose gel to help with hydration. A static 15 min PET emission scan was acquired on an Inveon-DPET scanner (Siemens Medical Solutions) followed by computed tomography (CT) scan and processed with the Inveon Research Workplace software (Siemens).
Scanning Electron Microscopy (SEM) of Lettuce Roots. After autoradiography the plants were dehydrated in ethanol (1 day) followed by acetone (1 day). Once the radioactivity decayed to background samples were dried under vacuum for 1 day and the adherence of NPs to the surface of the root was examined by scanning electron microscopy (SEM; FEI XL30) at 5 kV, followed by energy dispersive X-ray analysis for elemental analysis.
Transmission Electron Microscopy (TEM) of Lettuce Roots and Cotyledons. To correlate [ 64 Cu]-NP location in the PET/CT and autoradiography images to TEM images, the plant tissue was fixed in Karnovski's fixative, post fixed in 1% osmium tetroxide, dehydrated in cold acetone and infiltrated with Epon/Aradite (Ted Pella). Once the radioactivity decayed to background, the plant samples were cross-sectioned and cut with an Ultra 45 diamond knife (Diatome). The thin sections of fixed, infiltrated plant tissue were then mounted on Formvar film coated Cu grids (Ted Pella) and imaged by TEM (JEOL 2500SE) at 200 kV. ■ RESULTS Synthesis, Radiolabeling, and Assembly of NPs. The synthesis of ADIBO-NOTA (6) provided an overall yield of 20%, which was comparable to those reported following modified literature protocols 46, 47 and was chelated to 64 Cu to give 7 with a radiochemical purity of 98% (Scheme 2). The molar activity of radiolabeled ligand 7 was 7297.3 Ci/mol. The attachment of 7 to either 8 or 9 provided approximately the same average radiochemical yield of 72% and 73%, respectively (n = 18 spin columns per NP-size, radiochemical yield range 65−80%) of 10 and 11, respectively, after purification via P6gel size exclusion spin-column with a specific activity of 2.24 mCi/mg of [ 64 Cu]-NP and a radiochemical purity of >99% for both sized [ 64 Cu]-NP (Scheme 2). Both TLC and RP-HPLC analysis showed no observable UV or radiation signals associated with EDTA-complexed-64 Cu (nonchelated 64 Cuion) and upon "clicking" no observed radioactive ligand was observed (S3).
Characterization and Size Determination of NPs. Characterization of the commercially available azide-functionalized NPs 8 and 9 by TEM illustrated that the NPs do not aggregate readily and were spherical in shape. The mean size for the smaller NPs (8, 10 nm) was 9 ± 2 nm and for the larger NPs (9, 20 nm) was 19 ± 3 nm. NPs (10 and 11) showed no change in size by TEM, however, the DLS hydrodynamic radius decreased after "clicking" the ligand, most likely due to added sterics and hydrophobicity providing a smaller hydrodynamic radius. The zeta-potential ranged from −40 to −55 mV, indicating good colloidal dispersion stability (Table S5) .
Stability of [ 64 Cu]-NP. RP-HPLC analysis of 10 and 11 after purification via P6-gel size exclusion spin column and after incubation with the plants (15 min, 12 h, and 24 h) showed no free 64 Cu or 64 Cu-ligand, indicating that once attached, ligand 7 was stable. The conjugated [ 64 Cu]-NP (10 and 11) were also stable at all pH's (5−9) up to 12 h by RP-HPLC (S4). Furthermore, the NP filtrates up to 24 h exposure to the lettuce, also exhibited only background levels of radiation by gamma-counting and no UV or radiation signal by RP-HPLC analysis (S4), signifying no loss of ligand or leaching of 64 Cu during the time frame of plant uptake and imaging. TEM was also performed on [ 64 Cu]-NPs (10 and 11) after the radioactivity had decayed to background; the size distribution and aggregation properties remained unchanged, indicating a low propensity to dissolute during the plant NP uptake period (S5).
Imaging of Lettuce Seedling Uptake of [ 64 Cu]-NP (10 and 11): Autoradiography and PET/CT Imaging. Figure 2 ). PET/CT imaging after a 2 h uptake period showed that the [ 64 Cu]-NPs moved readily from the root radicle to the cotyledons and matches the same [ 64 Cu]-NP movement observed by autoradiography ( Figure 3 ).
Plotting the biodistribution averages of radioactivity/gram of lettuce (nCi/g) for both sets of [ 64 Cu]-NPs (10, 11) demonstrated a size-dependent uptake. The average values continually increased over time for the smaller [ 64 Cu]-NPs (10 nm, 10), while the larger [ 64 Cu]-NPs (20 nm, 11) biodistribution levelled off after the initial uptake period of 4 h ( Figure 4 (B and D) , S6). The initial amount of [ 64 Cu]-NPs in the root was higher for the larger [ 64 Cu]-NPs (11) being around 1.83 ± 0.11 μg/g (2065 nCi/g) of lettuce (0.25 h), while the small [ 64 Cu]-NPs (10) contained 1.50 ± 0.19 μg/g (2043 nCi/g). The initial amount per plant at early time points were not much different for either size, but after 24 h accumulation time, the smaller [ 64 Cu]-NP (10) amount was much higher, being 7.56 ± 0.85 μg/g (10276 nCi/g) while the 20 nm [ 64 Cu]-NP (11) reached a plateau at approximately 5.7 μg/g (6369 nCi/g). The larger [ 64 Cu]-NPs (11) had relatively the same uptake over the 1−12 h time frame with a slightly higher uptake at the 24 h time point with the same trend for 11 in the cotyledons. The smaller [ 64 Cu]-NPs (10) had relatively the same quantity of NPs from 1 to 4 h but after 4 h increased linearly. The biodistribution data show that >80% of the [ 64 Cu]-NPs were contained in the root for both sizes over all time points; [ 64 Cu]-NPs 10 showed a range of 4−19% in the cotyledons and [ 64 Cu]-NPs 11 showed 3−14% in the cotyledons ( Figures S6) . The 24 h time point showed the highest [ 64 Cu]-NP uptake as expected with 10 having 6.15 ± 0.63 μg/g (8350 nCi/g) in the root and 1.42 ± 0.20 μg/g (1927 nCi/g) in the cotyledons and 11 with 4.93 ± 1.03 μg/g (5553 nCi/g) in the root and 0.73 ± 0.05 μg/g (817 nCi/g) in the cotyledons. Interestingly, increasing the concentration (even with higher amounts of radioactivity), had negligible effects on [ 64 Cu]-NPs (10 or 11) uptake and accumulation during a 2 h period (∼4 μg/g of lettuce)( Figure 5 ), suggesting a saturable transport or strong bottleneck for movement across the root tissue into the cotyledons.
The biodistribution of radioactivity for each part of the lettuce (root or cotyledons) confirmed that while most the (Figures 4 and S6) , some of the [ 64 Cu]-NPs (10 and 11) traveled up the root with visible amounts of [ 64 Cu]-NPs being in the cotyledon apex ( Figure  2D ). The biodistribution data correlated well with the autoradiography and PET/CT images (Figures 2, 3 , S6, and S9).
The autoradiography images (Figures 2, S6 , and S9) and observed biodistribution suggest that the [ 64 Cu]-NPs were intact during transport as control plants exposed to just radioactive isotope [ 64 Cu]CuCl 2 (S10) exhibited approximately 4-fold higher activity per gram of plant in the cotyledon and 10fold more activity per gram in the root radicle. Furthermore, the autoradiography images of the control lettuce seedlings (and additional control duckweed) appear to have a more uniform uptake throughout the plant that correlated to higher amounts of activity, most notably in the cotyledon (S10). Additional supporting evidence was obtained from the optically tagged NPs containing a covalently bound fluorescence tag, which also showed the same NP-movement from root to the cotyledon further substantiating intact NP transportation through the lettuce seedlings (S1, S8).
Plant Uptake of NPs Correlated Imaging: SEM and TEM. Since most of the radioactivity was contained in the root, additional tests were conducted with SEM to verify that this radioactive signal was coming from NPs inside and not adhered to the outer surface of the root ( Figure 6A ). Unwashed roots exhibited more radioactivity by both autoradiography and gamma counting compared to roots that had been soaked in detergent and EDTA solution prior to imaging and counting of the radioactivity. SEM confirmed that root washing efficiently removed any NPs adhered to the root outer surface ( Figure  6A ). TEM images of fixed and sectioned lettuce tissue showed the appearance of the [ 64 Cu]-NPs within the plant tissue, indicating intact transport ( Figure 6C−F) . However, the observed [ 64 Cu]-NPs appeared smaller than those administered for the [ 64 Cu]-NPs (11, 20 nm) but exact size determination was difficult due to NP-aggregation.
■ DISCUSSION
To date the uptake, bioaccumulation, biotransformation, and risks of NPs in food crops is not well understood. 8 Most studies on NP uptake in plants have focused on the effects of NPs on plants, and have not focused on the transport or entry of intact-NPs. Several studies concluded that NPs do not gain entry into plants, 22,36−38 while those that do show NP uptake in plants have found the NP amounts to vary widely between 0.05 μg/g and 38983 μg/g of plant. 1, [10] [11] [12] [13] [14] [15] [16] 20, [27] [28] [29] [30] 45 In vivo tracking of NP transport in plants has traditionally relied on destructive analytical techniques to quantify NP-uptake and accumulation, requiring mineralization for metal quantification mostly by ICP. 14−20 These analytical techniques face the challenge of being sensitive enough to reliably measure the small changes in metal concentrations caused by NP-uptake and accumulation within the plant. The extensive range of NP accumulation reported in plants suggests that NP-uptake is dependent on several parameters: (1) quantity of NP administered per plant, (2) plant species, (3) NP-size, (4) NP-composition, and (5) duration of exposure. 1, 12, [14] [15] [16] [17] [18] 45 Further complicating the understanding of NP transport and accumulation in plants are the studies that have observed NP-uptake due to dissolution. 14,17−19,33−35 Collectively the variations of parameters in every study on NP transport in plants have made direct comparison and accurate conclusions challenging. Thus, it was our goal to develop a noninvasive visualization approach to track and quantify the distribution of intact radiolabeled [ 64 Cu]-NPs (10 and 11) in lettuce seedlings. Using 64 Curadioactively tagged NPs, we employed a range of complementary noninvasive analytical tools including autoradiography and PET/CT imaging to spatially and temporally visualize and quantify intact-NP uptake and accumulation in plants.
The stability study described demonstrates dissolution of the [ 64 Cu]-NPs did not occur. Ligand effects on NP mobility within the lettuce was minimized by modification of ≤5% of the NP surface with [ 64 Cu]-ADIBO-NOTA (7) as to negligibly change the NP surface properties. No ligand detachment or leaching of 64 Cu-ion from the NPs within the imaging time frame and at various pHs (S4) was observed, by both HPLC and gamma counting analysis, indicating that the radioactive signal in the lettuce seedlings was due to intact [ 64 Cu]-NPs. Additionally, indirect evidence further supported that the observed uptake was from intact [ 64 Cu]-NPs as control lettuce seedlings given only [ 64 Cu]CuCl 2 had much higher radioactivity with 4-fold higher concentrations in the cotyledons and 10-fold higher concentrations in the root (Table S10 ). These control plants also had visibly higher amounts of radioactivity in each part of the plant by autoradiography images (S10) suggesting that if the observed radioactivity was due to [ 64 Cu]CuCl 2 , then the uptake should be much higher. Furthermore, the use of covalently bound optical-tagged NPs (S1) also exhibiting high stability and illustrated the same NP movement from the root to the cotyledon (S8). Thus, helping to substantiate that NP-uptake and transport to the cotyledon was from intact NPs. TEM-sectioning of the plant tissue also helped to corroborate the presence of NPs within the plant tissue ( Figure 6 ). It should be noted that detection of NPs within plant tissue via TEM is challenging, 48 but based on our stability studies of the 64 Cu-radiolabeled NPs along with the short exposure time that the observed uptake was attributed to intact [ 64 Cu]-NP transport through the roots and into the cotyledons.
This study has shown that NPs were transported intact into plants and can be tracked noninvasively using a radioactive tag for in vivo imaging by autoradiography and PET/CT and quantification using a gamma counter. This method allows for a highly sensitive method capable of quantifying NP amounts in an individual seedling, a level that would be challenging by the traditional ICP quantification. 1, 22, 23, 26 We found that [ 64 Cu]-NP accumulation in lettuce was size-dependent indicated by the larger [ 64 Cu]-NPs 11 reaching a plateau at a given concentration, while the smaller [ 64 Cu]-NPs 10 increased continually over time (Figure 4 ). Our study indicates that both sets of [ 64 Cu]-NPs travel intact from the root radicle to the cotyledon (Figures 2 and 3) with the smaller 10 nm [ 64 Cu]-NP (10) having a maximum accumulation of 7.56 ± 0.85 μg/g in the whole plant, 6.15 ± 0.63 μg/g in the root, and 1.42 ± 0.20 μg/g in the cotyledons (Figure 4 and Table S6 ). The larger 20 nm [ 64 Cu]-NPs (11) had an accumulation that reached a maximum of 5.66 ± 1.08 μg/g in the whole plant, 4.93 ± 1.03 μg/g in the root, and 0.73 ± 0.05 μg/g in the cotyledon ( Figure  4 and Table S6 ). It is clear from our imaging data, both by autoradiography and PET/CT (Figures 2 and 3 ) that the [ 64 Cu]-NPs are transported intact from the root to the cotyledons and are present in the lettuce tissue by TEM ( Figure 6 ). However, different accumulation patterns for the cotyledons were observed for the two different sized [ 64 Cu]-NPs (10 and 11), while the root and whole plant were similar (Figures 4 and S6) . Most of the accumulation for the larger [ 64 Cu]-NPs (11, 20 nm) was within the first hour, where cotyledon NP amounts were ∼0.35 ± 0.15 μg/g with the only significant increase after 1 h between the 12 and 24 h time point in which accumulation plateaued at around ∼0.7 μg/g (pvalue = 0.004, Student's t test at 95% confidence level) ( Figures  4 and S6) . The larger [ 64 Cu]-NPs (11, 20 nm) also had higher accumulation than the [ 64 Cu]-NPs (10, 10 nm) at the early time points up to the 4 h time period. The smaller [ 64 Cu]-NPs (10, 10 nm) had ∼8.8 fold increase in cotyledon accumulation from the 4 h time point to the 24 h time point with an increase of ∼1.6 fold between 12 and 24 h time period (Figure 4 ) appearing to have a linear increase in absorption over time. The differences in cotyledon accumulation between the two sized [ 64 Cu]-NPs maybe linked to NP size effects on the lettuce hydraulic conductivity. Our work suggests that [ 64 Cu]-NPs (11) around 20 nm in size appear to clog root cortical cell walls, or pit membrane (or some other bottleneck along the uptake and transport pathway) preventing further uptake, explaining why 11 reaches a plateau, while the smaller [ 64 Cu]-NPs (10) continued to increase in amount over time. Initial studies with duckweed also illustrated [ 64 Cu]-NP accumulation in regions of growth and at the node and apex of the cotyledons (Figure S7 ), suggesting that [ 64 Cu]-NP transport to the cotyledons could occur via the phloem. The TEM images ( Figure 6 ) further shows the appearance of intact NPs in the lettuce tissue within the expected size range for the [ 64 Cu]-NPs (10, 10 nm) ( Figure 6C, D) , but [ 64 Cu]-NPs (11, 20 nm) had a size that appeared smaller than those administered; suggesting that the plant may filter larger NPs and has a size-threshold for uptake ( Figure 6E, F) , which may also explain the clogging phenomenon. 27, 28, 48 In summary, the combined analysis of the imaging by autoradiography and PET/CT (Figures 2 and 3 ) and TEM ( Figure 6 ) suggested that both sized [ 64 Cu]-NPs are transported intact from the root to the cotyledons.
The [ 64 Cu]-NP-uptake and accumulation amounts observed within lettuce seedlings were reasonable and comparable to others reports in the literature, reaching the same general conclusions that NP transport and accumulation in plants is species and size dependent. 1, 12, 16, 18, 21, 23, 30 Smaller NPs have been demonstrated to have higher accumulation in plants than larger NPs. For example, Ni-NPs (1, 3, and 9 nm) had very high NP uptake ranging from ∼13 200−38 983 μg/g in mesquite. 45 The amount found in the leaves varied from 400 to 803 μg/g of mesquite with most the NPs remaining in the roots ranging from 12 835 to 38 183 μg/g. 45 Another study using small CeO 2 -NPs (7 nm) exhibited NP accumulation ranging from 300 to 6000 μg/g of plant (corn, soy bean, cucumber, tomato, and alfalfa) and indicated that NP accumulation was plant species dependent. 10 NP sizes above active transport ranging from 14 to 40 nm had a large variation in uptake ranging from 0.25 to 3750 μg/g of plant, but typically had accumulation ranging from ∼1−1100 μg/g of plant again with the majority of the NPs contained within the root and with 0.5−183 μg/g in the leaves. 1, 15, 16, 20, 27, 29 NPs (50 nm), had accumulation in mung bean of 8 μg/g and in wheat of 32 μg/ g. 32 When comparing the accumulation of two similarly sized TiO 2 -NPs of different crystalline structure [22 nm (rutile) and 25 nm (anatase)] in wheat different accumulation amounts were observed, suggesting size was not the only limiting factor for transportation into a plant. 1 In another study using radioactive NPs, Zhang et al. 12 generated 141 Ce by neutron bombardment of CeO 2 NPs synthesized via a precipitation method. The fabrication of [ 141 Ce]CeO 2 -NPs could make controlling the size distribution very difficult and the exact size of the radioactive [ 141 Ce]CeO 2 -NPs was never determined. In addition, free radioactive 141 Cemetal could dissolute and be transported into the plant, making it appear as if the intact-NPs were in the plant because possible leaching of radioactivity was not explored. We aimed to avoid complications of NP-fabrication in which the exact size distribution during the study could not be determined and to improve upon prior radiolabeling methods, which gave low specific activity (radioactivity/mass of the NP material) of 2.7 μCi/mg of NP. 13 We were able to generate stable radioactive [ 64 Cu]-NPs with high radiochemical purity (>99%) and a specific activity of 2.2 mCi/mg of NP with a tight size distribution (S5). Zhang et al.'s work also demonstrated a concentration and size dependence of the [ 141 Ce]CeO 2 -NPs on plant accumulation in cucumber. 12 At the lower concentration (20 mg L −1 ) [ 141 Ce]CeO 2 -NPs roots accumulation was ∼370 μg/g for the small 7 nm-NPs and ∼70 μg/g for the 25 nm-NPs. At the highest concentration (200 mg L −1 ), [ 141 Ce]CeO 2 -NP uptake was much higher for both sizes being ∼700 μg/g and ∼500 μg/g of cucumber (7 and 25 nm NPs, respectively). 12 In agreement with our study was that smaller NPs have higher accumulation.
Zhang et al. also noted that accumulation in the leaves was less affected by the size of the [ 141 Ce]CeO 2 -NPs with the average uptake in the leaves for the 7 nm-NP being 0.4 μg/g and 0.18 μg/g for the 25 nm-NPs. 12 We observed similar amounts in lettuce cotyledons for the 24 h uptake period with
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Article the accumulation of 10 being 1.4 μg/g and 11 being 0.7 μg/g. However, the observed accumulation in the cotyledons for [ 64 Cu]-NPs was lower than the amounts observed by Zhang et al. 12 at the very early time points and it was not until the 4 h time point when accumulation amounts in the cotyledons started becoming larger than 0.4 μg/g of lettuce. These uptake differences may be attributed to the use of a different species and/or the NP solution administered had 2.4-times higher concentration (48 mg L −1 ). Autoradiography images showed [ 141 Ce]CeO 2 -NPs movement to the leaves, implying that once NPs entered into the vascular cylinder, they move along with water flow. This was in good agreement with our study. In contrast, we saw no concentration dependence for either sized [ 64 Cu]-NP (10 or 11) using 48, 96, and 144 mg L −1 over a 2 h period with approximately the same accumulation amount at all concentrations (∼4 μg/g of lettuce) ( Figure 5 ). Similarly, another study using CuO-NPs (20−40 nm) administered two concentrations 10 mg L −1 and 100 mg L −1 for a period of 14 days in maize also observed no concentration dependence. 14 The use of NPs tagged with radioactivity and tracked by autoradiography and PET/CT has provided a noninvasive analytical tool to spatially visualize and quantify NP uptake and accumulation in plants. We investigated the fate of [ 64 Cu]-NP transport into plants at the largely unexplored early time points, which would prevent dissolution events. Stability studies concluded that the [ 64 Cu]-NPs were stable during the imaging and quantification time frame from 0.25 to 24 h resulting in intact NP-transport into lettuce seedlings. We further demonstrated that the transport of [ 64 Cu]-NPs into lettuce was not concentration dependent but was size dependent with the 20 nm [ 64 Cu]-NPs reaching a plateau with accumulation at ∼5.7 μg/g of lettuce and the smaller 10 nm NPs accumulation increasing linearly with the maximum amount at 24 h being ∼7.6 μg/g of lettuce. TEM images further substantiated the intact transport of NPs into plants. With the numerous factors that may dictate NP uptake and accumulation, further studies are warranted to fully understand the molecular mechanism of NP transport into plants. Table S5 . Table of NP-size summary (DSL and TEM) and zeta-potential data S10 Figure S5 . TEM images and size distribution graph of NPs 8 and 9 S10 Figure S5a . TEM images of [ 64 Cu]-NPs 10 and 11 S11
S6. Summary of biodistribution data in lettuce seedling S11 Table S6 . Summary of biodistribution data in lettuce seedling S11 Figure S6 . Biodistribution in intact lettuce seedling over time S12
S7. Autoradiography imaging of duckweed S12 Figure S7 . Autoradiography images of duckweed S12
S8. Optical image of uptake of dye-labeled NPs in lettuce seedling S13 Figure S8 . Uptake of sulforhodamine-labeled NPs (14) in lettuce seedling S13 S9. Additional autoradiography images S14 Figure S9 . Additional autoradiography images showing bends in root S14 containing areas of higher radioactivity S10. Autoradiography image of plants given [ 64 Cu]CuCl 2 S15 Figure S10 . Autoradiography image of lettuce seedling given [ 64 Cu]CuCl 2 S15 Table S10 . Biodistribution data for lettuce seedling given [ 64 Cu]CuCl 2 S15 Figure S10a . Autoradiography image of duckweed given [ 64 Cu]CuCl 2 S15 S3 S1. Synthesis of optically labeled NPs.
Each NP 8 and 9 (50 µL of 5 mg/mL solution) was reacted with ADIBO-PEG 4 -SulfoRhodamine (JenaBiosciences) (12) (145 µL, of a 1 mg/mL solution in di-water) for 30 minutes to give 13 and 14. NPs (13 and 14) were diluted with 105 µL di-water to a total volume of 300 µL each and then purified using a P6-gel size exclusion spin column (Bio-Rad). NPs 13 and 14 were filtered out using membrane filters (40,000 molecular weight cut off) and analyzed by HPLC at the 24 h time point. Filtration of the optically tagged NPs gave a clear filtrate void of any color and upon HPLC analysis showed no UV peak, indicating stability. After clicking the radioactive ligand 7 to the NPs, the NPs were spin column purified with P6-size exclusion gel (Bio-Rad). The NPs were then filtered with a membrane filter molecular weight cut off of 40,000. The filtrate was analyzed by HPLC and gamma counter. Similar traces were observed at all pH's thus a representative set is provided. Retention T ime S10
S5. Nanoparticle size/colloidal stability characterization
Size determination of non-clicked and clicked NPs were all identical. 
S8. Optical image of uptake of dye-labeled NPs in lettuce seedling
The fluorescently labeled NPs 13 and 14 were used to further substantiate the transport of intact-NPs into lettuce. NPs 13 and 14 were diluted to ~48 mg L -1 per plant with a total volume of 350 µL. The bottom 2 cm of the lettuce root was submerged into the optical NPs suspension and covered with black construction paper for imaging. The autolumenescent wavelengths were filtered out and the optical image collected on an IVIS-photospectrometer. Figure S8 . Uptake of sulforhodamine-labeled NPs (14) in lettuce seedling S14 S9. Additional autoradiography images Figure S9 . Additional autoradiography images showing bends in root containing areas of higher radioactivity A,C,E. Photographic image of lettuce seedlings. B,D. Corresponding autoradiography image of lettuce seedlings exposed to [ 64 Cu]-NPs (11, 20 nm) for 2 h. F. Corresponding autoradiography image of lettuce seedlings exposed to [ 64 Cu]-NPs (11, 20 nm) for 0.25 h. Color scale rainbow: white-highest radioactivity to dark blue-lowest radioactivity, white arrows indicate areas of increased radioactivity around regions where the root contained a bend or turn. S15
S10. Autoradiography image of plants given [ 64 Cu]CuCl 2
Plants contained much higher activity that was more uniformly spread when exposed to radioactive [ 64 Cu]CuCl 2 solution containing ~30 µCi of radioactivity for a 2 h uptake time period. Figure S10 . Autoradiography image of lettuce seedling given [ 64 Cu]CuCl 2
Color scale rainbow: white-highest radioactivity to dark blue-lowest radioactivity Autoradiography image of three duckweeds. Color scale rainbow: white-highest radioactivity to dark blue-lowest radioactivity
